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Mutations of mitochondrial (mt) DNA play a role in neurodegeneration, normal aging, premature aging of the skin
(photoaging), and tumors. We and others could demonstrate that mtDNA mutations can be induced in skin cells in
vitro and in normal human skin in vivo by repetitive, sublethal ultraviolet (UV)-A-irradiation. These mutations are
mediated by singlet oxygen and persist in human skin as long-term biomarkers of UV exposure. Although mtDNA
exclusively encodes for the respiratory chain, involvement of the energy metabolism in mtDNA mutagenesis and a
protective role of the energy precursor creatine have thus far not been shown. We assessed the amount of a marker
mutation of mtDNA, the so-called common deletion, by real-time PCR. Induction of the common deletion was
paralleled by a measurable decrease of oxygen consumption, mitochondrial membrane potential, and ATP content,
as well as an increase of matrix metalloproteinase-1. Mitochondrial mutagenesis as well as functional conse-
quences could be normalized by increasing intracellular creatine levels. These data indicate that increase of the
energy precursor creatine protects from functionally relevant, aging-associated mutations of mitochondrial DNA.
Key words: aging/functional relevance/matrix metalloproteinase/oxidative damage/photoaging
J Invest Dermatol 125:213 –220, 2005
Mutations of mitochondrial (mt) DNA have initially been re-
ported to play a causative role in inherited neurological dis-
eases (reviewed in DiMauro and Schon, 2003)). Further
publications extended these findings to acquired neurode-
generative diseases (Holt et al, 1988; Cao et al, 2001; Wan-
rooij et al, 2004), the normal aging process (Wallace, 2001;
Cortopassi, 2002; Hofhaus et al, 2003), and premature ag-
ing of the skin, also called photoaging (Birch-Machin et al,
1998; Berneburg et al, 2000). In addition to this, mtDNA
mutations have also been reported to be increased in sev-
eral types of tumors affecting the colon, bladder, lung,
breast, kidney, head, and neck (Heerdt et al, 1994; Burgart
et al, 1995; Habano et al, 1998, 1999, 2000; Polyak et al,
1998; Fliss et al, 2000; Parrella et al, 2001); however, the
relevance of these mutations remains to be established. We
and others have previously shown that repetitive, sublethal
exposure to ultraviolet A light (UVA) irradiation at doses ac-
quired during a regular summer holiday induces mutations
of mtDNA in keratinocytes and fibroblasts in a singlet ox-
ygen-dependent fashion as well as in normal human skin
(Yang et al, 1994, 1995; Birch-Machin et al, 1998; Berneburg
et al, 1999, 2000, 2004; Koch et al, 2001). Furthermore, we
could show that, once induced, these mutations persist for
at least 16 months in UV-exposed skin. Therefore, these
mutations represent long-term biomarkers for UV-exposure
in human skin (Berneburg et al, 2004). There is a large body
of evidence indicating that mitochondrial function decreas-
es when mutations of mtDNA increase (Wallace, 2001; Co-
rtopassi, 2002; Stuart et al, 2004) and a vicious cycle has
been hypothesized in which oxidative stress induces mu-
tations of mtDNA leading to a defective respiratory chain,
in turn leading to reduced energy production (Lenaz, 1998;
DiMauro et al, 2002; Jacobs, 2003; Pak et al, 2003). Cells
contain mutant and wild-type mtDNA molecules at the
same time, also called heteroplasmy (Hofhaus et al, 2003).
Therefore, in order to become biochemically relevant, the
ratio of mutant molecules to wild-type molecules has to
exceed a threshold that differs from tissue to tissue. This is
one of the reasons why thus far it could not be shown that
repetitively UV-induced mtDNA mutations may reach levels
of functional relevance and whether supplementation with
an energy precursor such as creatine can protect from
mtDNA mutagenesis and resulting functional consequences
in normal human fibroblasts. In this study, sublethal repet-
itive UVA-exposure was indeed able to reduce cellular ox-
ygen consumption, mitochondrial membrane potential dc,
and ATP content as parameters for mitochondrial function.
Furthermore, UV-exposure also led to induction of matrix-
metalloproteinase (MMP)-1, known to be involved in proc-
esses such as photoaging and carcinogenesis. Coincuba-
tion of cells in the presence of the energy precursor creatine
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abrogated these effects in a manner independent from
antioxidant effects of reactive oxygen species (ROS)-
quenchers such as a-tocopherol. Our data suggest that
mtDNA mutations induced by sublethal repetitive UV-expo-
sure of a magnitude acquirable during a regular summer
holiday suffices to result in functionally relevant changes
and that creatine supplementation of cells is able to nor-
malize mtDNA mutagenesis and functional impairment.
Results
We investigated whether cells containing the UVA-induced
common deletion showed changes in functional parameters.
Generation of the common deletion in normal human
ﬁbroblasts by repetitive UVA-irradiation Normal human
fibroblasts were repetitively exposed to UVA doses of 8 J
per cm2 three times daily as described previously (Berne-
burg et al, 1997, 1999, 2004; Koch et al, 2001; Eicker et al,
2003). Real-time PCR of total DNA extracts from normal
human fibroblasts confirmed the induction of the common
deletion over the course of three weeks as described pre-
viously (Fig 1a). Real-time PCR showed background levels
of the common deletion in unirradiated samples as well as
in cells that were exposed to 12 UVA-irradiations (1 wk).
Two weeks of UVA-exposure (24 irradiations) led to the first
detectable induction of the common deletion, which could
be further increased after three weeks of UVA-exposure (36
irradiations). The amount of the common deletion relative
to unirradiated controls were week 1, 95%, week 2, 2.2-
fold; and week 3, 38-fold. Therefore, we could confirm the
previously observed induction of the common deletion
in vitro in normal human fibroblasts.
Reduction of oxygen consumption in ﬁbroblasts carry-
ing the common deletion Cellular oxygen consumption is
an indication of mitochondrial function. We assessed the
oxygen consumption of normal human fibroblasts contain-
ing the common deletion by a standard Clark-type elec-
trode. Whereas sham-irradiated cells showed normal
oxygen consumption for three weeks, values for UVA-ex-
posed cells continuously decreased during the course of
the irradiation regimen while the common deletion increa-
sed in these cells (Fig 1b). Control measurements in rho 0
cells containing no mtDNA showed no alteration of oxygen
consumption with values not leaving baseline levels (data
not shown).
Reduction of mitochondrial membrane potential (Dw)
Measurement of Dc was carried out using the fluorescent
dye 5,50,6,60-tetrachloro-1,10,3,30-tetraethylbenzimidazolyl-
carbocyanine iodide (JC-1) that accumulates in the mi-
tochondria with normal membrane potential where it
fluoresces red. It remains outside the mitochondria with
abnormal Dc, and then showing green fluorescence (Smiley
et al, 1991). Sham-irradiated fibroblasts showed abundant
red fluorescence visualizing normal cytoplasmatically locat-
ed mitochondria (Fig 1c). Repetitively UVA-exposed fibro-
blasts, carrying the common deletion, showed continuously
decreasing red fluorescence with stable total mitochondrial
protein content, indicating reduction of Dc parallel to the
Figure1
Induction of the common deletion in normal human fibroblasts
after repetitive ultraviolet A light (UVA) irradiation leads to func-
tional consequences. ( a) Real-time PCR of common deletion is given
as 2DDCt of total existing mtDNA molecules in the examined sample
with unirradiated samples set to 1, (b) measurement of oxygen con-
sumption by Clark-type electrode in %lO2 per min with untreated cells
set to 1, (c) fluorescence microscopic visualization of mitochondrial
membrane potential. Red fluorescence indicates normal membrane
potential, (d) quantification of intact mitochondria fluorescing red per 10
cells. Data are given as % of three microscopic fields with unirradiated
cells set to 100%, (e) Cellular ATP content shown relative to untreated
cells set as 100%,and (f ) differential semiquantitative RT-PCR of matrix
metalloproteinase mRNA levels in cells containing the common deletion
with untreated cells set to 1. Normal human fibroblasts were irradiated
as described in Materials and Methods. Positive control represents a
sample of a patient with known disease caused by the common de-
letion. All lanes in a–f correspond to the top legend of 0, 12, 24, and 36
repetitive exposures to 8 J per cm2 UVA. Data are given as mean  SD
of relative content of the common deletion of at least two experiments.
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induction of the common deletion (Fig 1c,d). The reduction
of Dc in our system was continuous and not spontaneously
reversible during the course of irradiation. Incubation of
cells with carbonyl cyanide 4-(trifluoromethoxy)phenylbuta-
zone (FCCP) at a concentration of 10 mM, known to com-
pletely depolarize the mitochondrial membrane potential,
was able to reduce Dc even further, indicating that the
membrane potential was not completely abolished by UVA
exposure (data not shown).
Reduction of ATP content As a first approximation of
the cell’s energy status, ATP levels were measured using
a luciferase-based bioluminescence assay. Repetitively
UVA-exposed cells showed continuously decreasing ATP
levels similar to the reduction of oxygen consumption
and Dc, with unirradiated cells exhibiting normal ATP con-
tents (Fig 1e).
Expression of MMP-1 MMP have been described to play a
pivotal role in a number of processes including carcinogen-
esis and photoaging. We performed differential RT-PCR for
detection of mRNA levels of MMP-1, its tissue-specific in-
hibitor TIMP-1 and as housekeeping gene b-actin in cells
containing the common deletion (Fig 1f). Levels of MMP-1
mRNA continuously increased during repetitive irradiation
to a maximum after 3 wk, whereas there was no parallel
upregulation of TIMP-1 or b-actin. Single exposure of cells
to 8 J per cm2 UVA did not lead to MMP-1 induction (data
not shown).
The effect of creatine on mtDNA mutagenesis and func-
tional parameters was assessed by measurement of the
above parameters in the presence or absence of creatine.
No absorption of creatine in the UV-range In order to
exclude the possibility that creatine does not act through
restoration of the energy metabolism but merely through
possible sun-protective properties, absorption of creatine in
the UVA and UVB range was assessed. Creatine did not
show any absorption at wavelengths ranging from 240 to
400 nm thus indicating that creatine does not absorb in the
UVB or in the UVA range (Fig 2a).
No antioxidative capacity of creatine In order to exclude
that biological effects of creatine are exerted through an-
tioxidative capacity, lipid peroxidation of linoleic acid was
measured photometrically with or without different concen-
trations of creatine ranging from 0.1 to 10 mM (Fig 2b). The
positive control a-tocopherol delayed lipid peroxidation of
linoleic acid up to 100 min while creatine did not show any
delay of linoleic acid lipid peroxidation irrespective of the
applied doses.
Uptake of creatine into cells In order to assess whether
exposure of fibroblasts to creatine during repetitive irra-
diation leads to an increase of intracellular and in-
tramitochondrial creatine levels, cells were incubated with
radioactively labeled creatine. 14C-creatine levels were
measured autoradiographically in whole-cell extracts
(WCE) after 24 h of exposure (Fig 2c) as well as WCE and
mitochondrial extracts (Mito) after a complete course of
irradiation (3 wk) (Fig 2d). There was a concentration-
dependent increase of intracellular creatine concentration,
with maximum values at 2 mM creatine (Fig 2c). When
cells were repetitively irradiated in the absence of creatine,
homogenates of whole-cell and mitochondrial extracts
showed background levels of 20 counts per minute (CPM)
per mg protein. In contrast to this, extracted homogenates of
whole cells and mitochondria, previously treated with radi-
oactively labeled creatine, showed a marked increase of
creatine levels at values of 258 and 110 c.p.m. per mg pro-
tein, respectively (Fig 2d).
Effect of creatine on mtDNA mutagenesis and functional
parameters Repetitive irradiation of fibroblasts in the pres-
ence of creatine (1 mM) completely abolished induction of
the common deletion (Fig 2e). This effect could be slightly
reduced when creatine was coincubated together with the
competitive creatine uptake inhibitor arginine at 0.06%. To
further assess the functional relevance of creatine-mediated
protection from mitochondrial mutagenesis, the common
deletion was measured, together with the mitochondrial
membrane potential (Fig 2e,f ) as well as oxygen consump-
tion and MMP-1 mRNA levels (Fig 2f ). Creatine incubation
of cells in the absence of UV-irradiation led to supercom-
pensation of the mitochondrial membrane potential at the
creatine concentration used (Fig 2e, middle and lower pan-
el). Furthermore, creatine coincubation improved cellular
oxygen consumption as well as UVA-mediated upregulation
of MMP-1 (Fig 2f ).
Discussion
The data indicate that mtDNA deletions induced by repet-
itive UV-exposure at doses acquirable during a regular
summer holiday can reach a critical level at which they
are sufficient to impair mitochondrial function and to induce
MMP-1. Furthermore, supplementation with the energy pre-
cursor, creatine, normalizes mitochondrial mutagenesis and
functional changes through a mechanism independent from
quenching effects of ROS.
It has been shown that phosphocreatine/creatine kinase
exists in the human skin, with mitochondrial creatine kinase
also being present (Schlattner et al, 2002), and that de novo
synthesis of creatine has to be supplemented by food up-
take. Furthermore, creatine has protective effects in neu-
rodegenerative diseases and mitochondrial cytopathies
(Baker and Tarnopolsky, 2003; Beal, 2003; Tarnopolsky
et al, 2004). Therefore, together with the fact that ATP is
insufficient as an external energy precursor due to its
instability, to improve cellular energy metabolism, in our
experiments, we used the commercially available energy
precursor creatine.
Reduction of mitochondrial function UVA-mediated in-
duction of the common deletion was paralleled by a de-
crease of mitochondrial function. The observed reduction
of oxygen consumption in cells containing the common
deletion in our experiments indicates a change in the
metabolism of affected mitochondria with a magnitude
large enough to be detected by measurement of oxygen
consumption. This is confirmed by reduction of the mi-
tochondrial membrane potential (Dc) as assessed by JC-1.
Fluctuations of Dc represent a normal state of mitochondrial
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metabolism and are caused by gating of the mitochondrial
permeability pore (Huser and Blatter, 1999). These fluctu-
ations remain within physiological range, however, except
during apoptosis. The fact that Dc could be reduced further
by coincubation with FCCP indicates that apoptotic levels
of the mitochondrial membrane potential were not reached
under experimental conditions.
In this study, decreased levels of ATP in cells containing
the common deletion are evidence for a link between mu-
tations of mtDNA and cellular energy metabolism. ATP and
the cellular ATP/ADP ratio, however, are known to be un-
reliable parameters for cellular energy levels since they are
maintained at homeostatic levels (Huser and Blatter, 1999;
Baker and Tarnopolsky, 2003; Beal, 2003). Therefore, these
data have to be considered as a general indication. Fur-
thermore, ATP and phosphocreatine are unsuitable as ex-
perimental energy equivalents in vitro since they do not
readily permeate the cell membrane due to their polarity.
Therefore, since creatine has been effective in the restora-
tion of symptoms in neuromuscular and mitochondrial dis-
eases (Baker and Tarnopolsky, 2003; Beal, 2003), in order to
provide further evidence for a role of energy metabolism in
mtDNA mutagenesis, we investigated the effect of creatine
on mtDNA mutagenesis and functional parameters. This
implied the hypothesis that generation of phosphocreatine,
and consequently ATP, is facilitated if creatine is abundant
in cells. This would allow easier binding of existing energy-
rich phosphates to the energy precursor creatine. In-
deed, experimental supplementation of normal human fibro-
blasts with creatine normalized mitochondrial mutagenesis
Figure 2
Creatine protects from induction of the common
deletion and normalizes oxygen consumption
and matrix-metalloproteinase-1 (MMP-1) expres-
sion through a mechanism additive to and inde-
pendent from ROS-quenchers. (a) Absorption
spectrum (AU) of creatine showing no absorption
in the UV range, (b) Assessment of antioxidative
activity of creatine by measurement of linoleic acid
peroxidation given as rate of conjugated diene
appearance at 234 nm wavelength (AU). A´-tocop-
herol (vitamin E) was employed as positive control,
(c) Uptake of radioactive 14C-creatine (1 mCu per mL)
into cells after a single exposure given as counts
per minute per mg protein. (d) Uptake of radioactive
14C-creatine into homogenates of whole-cell (WCE)
and mitochondrial (Mito) extracts given as counts
per minute per mg protein. (e) Creatine protects
from the common deletion and reduction of mito-
chondrial membrane potential. Top panel: real-
time PCR of the common deletion. Middle and
lower panels: mitochondrial membrane potential
as assessed by 5,50,6,60-tetrachloro-1,10,3,30-tet-
raethylbenzimidazolyl-carbocyanine iodide (JC-1). (f) Protective effect of creatine from functional consequences. Top panel: real-time PCR of the
common deletion. Second and third panels: mitochondrial membrane potential as assessed by JC-1. Third panel: oxygen consumption by Clark
electrode. Bottom panel: MMP-1 mRNA levels detected by RT-PCR. Values are shown as in Fig 1 and data are given as means  SEM of at least
two separate experiments.
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(Fig 2e), as well as the functional parameters oxygen con-
sumption and MMP-1 (Fig 2f).
It has been shown that mutations of mtDNA are in-
creased in chronically sun-exposed skin showing clinical
signs of premature aging, also called photoaging (Yang
et al, 1994, 1995; Berneburg et al, 1997, 1999, 2000, 2004;
Birch-Machin et al, 1998), and it is known that photoaging is
mediated through oxidatively-induced MMP-1 via the in-
duction of macrophage inhibitory factor (MIF) in human
dermal fibroblasts (Berneburg et al, 2000; Wenk et al, 2001;
Watanabe et al, 2004). Furthermore, previous findings indi-
cate that singlet oxygen is linked with the in vivo UVA action
spectrum which is responsible for photoaging of mouse skin
(Hanson and Simon, 1998). The fact that UV-induction of the
common deletion is paralleled by an increase of MMP-1
whereas TIMP-1 remains unaltered, indicates a role of
mtDNA mutations in the process of photoaging that is me-
diated by ROS-induced MMP-1.
The data demonstrate that creatine does not absorb
in the UV range (Fig 2a) and does not act as an antioxidant
(Fig 2b). Therefore, we hypothesize that protection
from UVA-mediated induction of the common deletion
is not exerted through direct quenching but through an in-
direct effect in which creatine, by normalizing the cell’s
energy status, reduces the requirement to upregulate
a deleterious respiratory chain that again would generate
more ROS.
Taken together, these data indicate that (i) repetitive,
sublethal UV-exposure of cells may induce mtDNA muta-
tions to a functionally relevant level and (ii) an increase of
intracellular creatine levels is effective in protection from
mtDNA mutations and the resulting functional consequenc-
es. Further experiments are necessary to clarify the precise
interaction between induction of ROS, mitochondrial muta-
genesis, and energy metabolism, but the antioxidant-inde-
pendent effect of creatine may provide a tool to further
Figure 2
continued.
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investigate underlying mechanisms of processes such as
aging, photoaging, and carcinogenesis.
Materials and Methods
Cell culture Human normal skin fibroblasts were cultured in Ea-
gle’s minimum essential medium (PAA, Co¨lbe, Germany) containing
15% fetal calf serum (Perbio, Bonn, Germany). An osteosarcoma
cell line lacking mtDNA (rho 0), serving as baseline control for
measurement of oxygen consumption, was cultured in Dulbecco’s
minimum essential medium supplemented with 4.5 g per liter Glu-
cose, 50 mg per mL uridine, and 5% fetal calf serum. Medium of all
cells was supplemented with 1% L-Glutamine and 1% streptomy-
cin/amphotericin B and they were kept in a humidified atmosphere
containing 5% CO2. Cells were kept in 10-cm culture dishes for
culture and irradiation.
Mitochondrial extracts Mitochondria were isolated as described
earlier (Wallace, 2001). All steps were carried out on ice. Briefly,
5  106 cells were trypsinized and pelleted with subsequent wash-
ing in mito-isolation buffer (comprising 210 mM mannitol, 70 mM
sucrose, 1mM EGTA, 5 mM Hepesþ 0.5% BSA). Pelleted cells
were broken up by Digitonin (Sigma, Munich, Germany) and re-
peated mechanical treatment using a Teflon-homogenizer (Potters,
Braun, Germany). Separation of mitochondria from cell debris was
achieved by multiple wash steps with mito-isolation buffer, taking
mt from the supernatant. Final centrifugation at 10,000 r.p.m.
(12,823.46 g) for 20 min in mito-isolation buffer yielded the mi-
tochondrial pellet.
Generation of the common deletion by UVA-irradiation Repet-
itive UVA-irradiation was performed as described previously
(Berneburg et al, 1999; Eicker et al, 2003). In brief, for UVA-irra-
diation, medium was replaced by PBS, lids were removed, and
cells were exposed to radiation from a UVASUN 5000 Biomed ir-
radiation device (Mutzhas, Munich, Germany). The emission was
filtered with UVACRYL (Mutzhas, Munich, Germany) and UG1
(Schott Glaswerke, Munich, Germany), and consisted of wave-
lengths greater than 340 nm. The UVA output was determined with
a UVAMETER (Mutzhas, Munich, Germany) and was found to be
approximately 70 mW per cm2 UVA at a tube-to-target distance of
30 cm.
In order to generate the common deletion, cells were irradiated
three times daily with 8 J per cm2 UVA for four consecutive days
and verified for viability by trypan blue exclusion. Cells were then
aliquoted equally, with one aliquot stored at 801C until extraction
of mtDNA and another aliquot plated to a 10-cm culture dish for
ongoing culture and irradiation. For assessment of functional end-
points, aliquots were processed as indicated below.
Chemical treatments All chemicals were purchased from Sigma
and applied as described previously (Berneburg et al, 1999; Eicker
et al, 2003) or as indicated. Vitamin E (a-tocopherol) was applied
as described before (Berneburg et al, 1999; Eicker et al, 2003) at
concentrations of 0.1 ng vitamin E per mL medium.
Mitochondrial mutagenesis
DNA extraction Extraction of total cellular DNA was carried out
as described previously (Berneburg et al, 1997, 1999; Eicker et al,
2003; Berneburg et al, 2004).
Quantitative real-time PCR Experimental procedures for real-time
PCR were carried out as described previously (Koch et al, 2001;
Berneburg et al, 2004) using a TaqMan 7000 cycler (Applied Bio-
systems, Roth, Switzerland). In brief, amplification reactions were
performed as 25 mL triplicates in a 96-well microplate format. Total
mtDNA and deleted mtDNA reactions were conducted in separate
tubes, each containing 100 ng DNA, 1  Sybr green Master Mix,
500 nM of each IS primer, or 500 nM of each CD primer. Primer
oligonucleotides and probes for the common deletion (CD) as well
as the housekeeping gene (IS) identical to those published previ-
ously were used (Koch et al, 2001) and non-template controls
showed undetectable fluorescence signals (ND). Values for the
amount of common deletion are given as means in 2DDCt  SEM.
Restriction enzyme analysis To confirm their identity, PCR prod-
ucts were subjected to diagnostic digestion with the restriction en-
zyme XbaI (New England Biolabs GmbH, Schwalbach, Germany).
Functional assessment
Oxygen consumption For measurement of oxygen consumption,
cells were kept in DMEM (Gibco, Karlsruhe, Germany) medium
containing no glucose supplemented with 1% of sodium-pyruvate,
1% penicillin/streptomycin and 1% glutamine, as well as 15%
fetal calf serum. An aliquot of 3.5  106 cells was spun down at
1000 r.p.m. (128.23 g) for 5 min at room temperature, resuspended
in DMEM, and kept on ice until measurement. The standard Clark
type electrode (Hansatech, Kings Lynn, Great Britain) used was
equilibrated according to the manufacturer’s instructions with sodi-
um-dithionite. Measurement of oxygen consumption was plotted in a
time/oxygen-dependent manner, which was extrapolated by com-
parison with a standard curve to give values in liters oxygen con-
sumption per minute.
Mitochondrial membrane potential (Dw) Assessment of mi-
tochondrial membrane potential was performed by staining with
the J-aggregate forming lipophilic cation JC-1 as provided by the
ApoAlert mitochondrial membrane sensor kit (Clontech, Heidelb-
erg, Germany). Measurements were performed as indicated in the
kit. In brief staining stock solution was applied in tissue culture
medium at 1 mL per mL medium and incubated in the dark at 371C
for 20 min. Fluorescence microscopy was performed using a
Zeiss confocal laser microscope equipped with a 100-W mercury
lamp (Zeiss, Oberkochen, Germany). For quantification, intact mi-
tochondria fluorescing red were counted in at least three fields of
vision for a total of 10 cells per microscopic field.
Content of ATP ATP determination in repetitively UVA-exposed
cells was carried out by the ATP Bioluminescence Assay Kit HSII
(Boehringer Mannheim, Germany). The HSII kit has been especially
developed for the detection of ATP with highest sensitivity and
uses ATP-dependent light emission by luciferase-catalyzed oxida-
tion of luciferin. ATP measurement was performed according to the
kit’s protocol. In brief, cells were diluted to 105–108 cells per mL
and automatically injected with 100 mL luciferase reagent and au-
tomatically measured in an MTP bioluminometer (Berthold, Bad
Wildbach, Germany). Values were compared with standard solu-
tions for the detection of ATP concentration.
RT-PCR for MMP-1, TIMP, and b-actin Detection of MMP-1, TIMP,
and b-actin has been described previously (Watanabe et al, 2004).
In brief, cells were harvested and total RNA was isolated, and
mRNA expression was determined by semiquantitative differential
RT-PCR (Stuart et al, 2004). For estimation of similar amounts of
cDNA used for PCR, samples were screened for expression of b-
actin as a ‘‘housekeeping’’ gene. The following primer oligonuc-
leotides specific for MMP-1, TIMP, and b-actin, respectively were
used: MMP-1: 50-GTA TGC ACA GCT TTC CTC CAC TGC-30, 50-
GAT GTC TGC TTG ACC CTC AGA GAC C-30; TIMP: 50-TTC CGA
CCT CGT CAT CAG GG-30, 50-ATT CAG GCT ATC TGG GAC CGC-
30; and b-actin 50-GTG GGG CGC CCC AGG CAC CA-30, 50-CTC
CTT AAT GTC ACG CAC GAT TTC-30. PCR products were sepa-
rated electrophoretically in a 2% agarose gel, stained with the flu-
orescent dye Vistra green (Molecular Dynamics, Heidelberg,
Germany) at a dilution of 1 in 105, and quantified fluorimetrically
with a Storm 860 Phosphorimager (Molecular Dynamics).
Restoration of energy metabolism by creatine supplementa-
tion Cells were irradiated as described above in the presence or
absence of 0.25, 1, and 2 mM creatine (Sigma). Creatine was
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present in cell culture medium. It was removed and replaced prior
to and after UV-exposure, respectively.
Absorbance spectrum of creatine The creatine absorbance spec-
trum was measured between 200 and 400 nm in a spectro-
photometer (Spectra Max Plus, Molecular Devices, Sunnyvale,
California), at a concentration of 10 mM in Dulbecco’s phosphate-
buffered saline 10 mM pH 7.4 (Invitrogen, Carlsbad, California).
No antioxidative capacity of creatine The antioxidative capacity of
creatine was tested by the inhibition of linoleic acid peroxidation as
modified from Liegeois et al (2000). Briefly, oxidation of linoleic acid
was induced by using the radical initiator 2,20-azobis(2-amidino-
propane)dihydrochloride (AAPH). The progress of lipid peroxidation
at 371C was deduced from the rate of appearance of conjugated
dienes at 234 nm, as measured in a spectrophotometer (Spectra
Max Plus, Molecular Devices). Creatine was evaluated in a con-
centration range from 0.1 to 10 mM. a-Tocopherol (Sigma) was
used as a positive control at a concentration of 2.5 mM.
Creatine uptake into cells and inhibition of uptake by arginine
Radioactively labeled 14C-creatine (Hartmann Analytics, Bra-
unschweig, Germany) was added to fibroblasts following a wash
with PBS. In the first set of experiments, the total cellular uptake of
14C-creatine (1 mCu per mL) was assessed for differing concen-
trations of creatine ranging from 0.25 to 2 mM after 24 h of treat-
ment (Fig 2c). In the second set of experiments, 14C-creatine (1
mCu per mL) was coincubated together with non-radioactive crea-
tine (2 mM) in order to avoid radioactive overload in culture me-
dium three times daily for 3 wk along with the irradiation regimen.
Arginine, a known competitor of creatine uptake, was applied as
published previously (Walzel et al, 2002) at a concentration of
0.06% in culture medium. For both sets of experiments, incubation
cells were washed with PBS and extracts were measured in a
liquid scintillation counter (Beckmann coulter CS 6000 IC, Beck-
mann, Fullerton, California), and 14C-counts were normalized on
total protein amount (mg).
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